The growth of a -hexachlorocyclohexane (-HCH)-degrading bacterium Sphingobium japonicum (formerly Sphingomonas paucimobilis) UT26 in rich medium was inhibited by -HCH. This growth inhibition was not observed in a mutant that lacked the initial or second step enzymatic activity for -HCH degradation, suggesting that metabolites of -HCH are toxic to UT26. Two metabolites of -HCH, 2,5-dichlorophenol (2,5-DCP) and 2,5-dichlorohydroquinone (2,5-DCHQ), showed a direct toxic effect on UT26 and other sphingomonad strains. Because only 2,5-DCP accumulated during -HCH degradation, 2,5-DCP is thought to be a main compound for growth inhibition.
The growth of a -hexachlorocyclohexane (-HCH)-degrading bacterium Sphingobium japonicum (formerly Sphingomonas paucimobilis) UT26 in rich medium was inhibited by -HCH. This growth inhibition was not observed in a mutant that lacked the initial or second step enzymatic activity for -HCH degradation, suggesting that metabolites of -HCH are toxic to UT26. Two metabolites of -HCH, 2,5-dichlorophenol (2,5-DCP) and 2,5-dichlorohydroquinone (2,5-DCHQ), showed a direct toxic effect on UT26 and other sphingomonad strains. Because only 2,5-DCP accumulated during -HCH degradation, 2,5-DCP is thought to be a main compound for growth inhibition.
Key words: biodegradation; sphingomonads; -hexachlorocyclohexane; 2,5-dichlorophenol; 2,5-dichlorohydroquinone -Hexachlorocyclohexane (-HCH, also called -BHC or lindane) is a halogenated organic insecticide used worldwide. Sphingobium japonicum UT26 (formerly Sphingomonas paucimobilis UT26) utilizes -HCH as sole source of carbon and energy under aerobic conditions. 1,2) UT26 degrades -HCH through the pathway shown in Fig. 1 , 3) but the growth of UT26 is very poor when -HCH is supplied as sole source of carbon and energy. Although UT26 forms a faint colony on a minimal agar plate containing -HCH, its inoculation in -HCH-containing minimal liquid medium does not lead to an increase in turbidity. One possible explanation for such poor growth of UT26 is its partial utilization of -HCH by the production of two dead-end products, 1,2,4-TCB and 2,5-DCP in the -HCH degradation pathway (Fig. 1) . Another possibility is cytotoxicity of -HCH and its reaction products to UT26 cells. In this study, we examined the latter possibility.
UT26 was cultured in 1/3 LB medium (3.3 g of Bacto tryptone, 1.7 g of yeast extracts, and 5 g of sodium chloride per liter) to the optical density at 660 nm (OD 660 ) of 0.1 at 30 C, -HCH was added to final concentration of 25 mg/ml in culture, and its optical density was monitored. Growth of UT26 was inhibited by the addition of -HCH (Fig. 2Aa) . Under the same condition, the viability of the cells started to decline at 6 h after the addition of -HCH (Fig. 2B) . To monitor the concentrations of -HCH and its metabolites, we used a Shimadzu GC-17A gas chromatograph with an electron capture detector and an Rtx-1 capillary column (30 m Â 0:25 mm Â 0:25 mm; Restek, www.restekcorp. com). The column temperature was elevated from 100 C to 260 C at a rate of 20 C/min, and the gas flow rate was 30 ml/min. Samples were prepared as described previously. 4) Twenty-five mg/ml (86 mM) of -HCH in the culture medium was degraded completely within 2 h (Fig. 2C) . These results are consistent with the constitutive expression of LinA, LinB, and LinC activities and the inducible expression of LinD and LinE activities within 1 h. 5, 6) Other detectable intermediates, -PCCH, 1,2,4-TCB, 2,5-DDOL, 2,5-DCHQ, and CHQ, disappeared within 3 h. After 24 h, only 2,5-DCP was detected at a concentration of approximately 5 mg/ml (31 mM) (Fig. 2C ). Another dead-end product, 1,2,4-TCB, might be accumulated at very low concentration in the culture medium because of its high volatility. To identify metabolites causing the growth inhibition of UT26, we used five mutants that lacked enzymatic activities for the degradation of -HCH. While growth of YO5 7) (ÁlinA) and UT26DB 8) (linB::Km r ) was not inhibited by -HCH (Fig. 2Ab, c) , growth of UT72 9) (ÁlinC), UT116 10) (ÁlinRED), and UT1023 3) (linF::TnMod-OKm) was, as was the case with UT26, drastically inhibite by the addition of -HCH (Fig. 2Ad, e, f) . These results indicate that metabolites of -HCH produced by LinA and LinB are toxic to UT26.
The direct effect of the metabolites produced by LinA and LinB, viz., 2,5-DCP and 2,5-DCHQ respectively, was examined for their toxicity to UT26 and other bacteria. Bacterial cells were cultivated in 1/3 LB to an OD 660 of 0.1, and the culture was diluted 100-fold in a fresh 1/3 LB containing either 2,5-DCP or 2,5-DCHQ and incubated for 24 h at 30 C. In this study, the minimum inhibitory concentration (MIC) of such compounds was defined as the lowest concentration at which no turbidity was visible. The MICs of 2,5-DCP and 2,5-DCHQ to UT26 were 2 and 8 mg/ml respectively (Table 1) . UT26-closely related but non--HCH-degrading strains, Sphingomonas paucimobilis SYK-6 11) and Sphingobium chlorophenolicum ATCC39723, 12) were also sensitive to 2,5-DCP and 2,5-DCHQ at levels similar to that of UT26. On the other hand, Pseudomonas putida PpY101 13) and KT2440 14) and E. coli K-12 were more resistant to 2,5-DCP and 2,5-DCHQ than UT26 (Table 1) . These results indicate that UT26 and other sphingomonad strains are highly sensitive to 2,5-DCP and 2,5-DCHQ. The addition of either 4 mg/ml 2,5-DCP or 20 mg/ml 2,5-DCHQ to UT26 culture under the same growth condition as in Fig. 2A inhibited the growth of UT26 equivalently in the presence of 25 mg/ ml -HCH in 1/3LB (data not shown).
Toxicity of chlorophenols has been reported in other bacteria. Lang and Viedt 15) reported that high concentrations of -HCH, -HCH, and 1,2,4,5-tetrachlorobenzene did not influence the degradation ability of mixed cultures of bacteria, but the concentration of chlorophenols was critical for the degradation ability of chlorophenols by mixed cultures. Various HCH isomers and chlorinated-benzenes are assumed to be low in toxicity to bacterial cells because of their low aqueous solubility. 15 ) Some variants of chlorophenols have been shown to exert a toxic effect on bacteria and are used to assess stress on bacteria. 16) Although both 2,5-DCP and 2,5-DCHQ are toxic to UT26, 2,5-DCP is thought to be a main compound for growth inhibition in -HCH degradation. This is because 2,5-DCHQ disappears by LinD activity, but 2,5-DCP accumulates during -HCH degradation (Fig. 2C) .
It has been reported that auto-oxidation of chlorohydroquinone produces chlorobenzoquinone and superoxide, and that their reactive oxygen species induce the breakage of DNA. 17) Ascorbic acid has been reported to have the effect of preventing the oxidation of chlorohydroquinone. 17) However, the addition of ascorbic acid had no effect on the growth inhibition of UT26 on -HCH (data not shown), suggesting that the oxidation of 2,5-DCHQ is not a main factor in growth inhibition. This also supports the above hypothesis that 2,5-DCP is mainly involved in growth inhibition.
It has been reported that xenobiotics and their metabolites are toxic to bacteria. For example, efficient turnover of toxic 3-chlorocatecol was essential for the growth of Ralstonia europha JMP134 in 3-chlorobezoic acid. 18) Tetrachlorohydroquinone (TCHQ), an intermediate in pentachlorophenol (PCP) degradation by Sphingobium chlorophenolica RA-2, is transformed to highly toxic tetrachlorobenzoquinone by oxidation, but the strain RA-2 does not accumulate TCHQ and can grow on PCP. 17) To improve the -HCH degradation ability of UT26, removal of 2,5-DCP appears to be effective. For this purpose, enhancement of LinB activity and the introduction of 2,5-DCP degradation activity are promising. A, The growth of UT26 (a) and UT26 derivative mutant strains, YO5 (ÁlinA) (b), UT26DB (linB::Km r ) (c), UT72 (ÁlinC) (d), UT116 (ÁlinRED) (e), and UT1023 (linF::TnMod-OKm) (f), with -HCH in 1/3 LB medium at 30 C. -HCH was added to the culture when the turbidity at OD 660 reached 0.1 (opened circles). As a control, only dimethylsulphoxide, the solvent for the -HCH stock was added (closed circles). B, Cell viability of UT26 in the presence (opened circles) or absence (closed circles) of -HCH under the same growth conditions as in panel A. Cell viability was determined by counting colony forming units (CFU) on a 1/3 LB agar plate after incubation for 3 d at 30
C. C, Amount of -HCH (closed circles) and 2,5-DCP (opened circles) in UT26 culture medium under the same growth conditions as in panel A was measured by using GC (ECD). 
